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MLPAWe describe a female patient with developmental delay, dysmorphic features and multiple congenital anom-
alies who presented a normal G-banded karyotype at the 550-band resolution. Array and multiplex-ligation
probe ampliﬁcation (MLPA) techniques identiﬁed an unexpected large unbalanced genomic aberration: a
17.6 Mb deletion of 9p associated to a 14.8 Mb duplication of 20p. The deleted 9p genes, especially CER1
and FREM1, seem to be more relevant to the phenotype than the duplicated 20p genes. This study also
shows the relevance of using molecular techniques to make an accurate diagnosis in patients with dysmor-
phic features and multiple anomalies suggestive of chromosome aberration, even if on G-banding their
karyotype appears to be normal. Fluorescence in situ hybridization (FISH) was necessary to identify a masked
balanced translocation in the patient's mother, indicating the importance of associating cytogenetic and
molecular techniques in clinical genetics, given the implications for patientmanagement and genetic counseling.
© 2012 Elsevier B.V. Open access under the Elsevier OA license. 1. Introduction
Etiology identiﬁcation of intellectual disability and physical dys-
morphism represents a constant challenge for clinical geneticists. Since
conventional karyotyping often fails to detect submicroscopic chromo-
somal rearrangements, molecular genetics methods have become a
very useful tool that has greatly increased the ability to identify patho-
genic genomic imbalances. Array techniques have improved the diag-
nostic success in patients with intellectual deﬁciency, dysmorphic
features and multiple congenital anomalies, disclosing new microdele-
tion and microduplication syndromes (Mencarelli et al., 2008). Miller
et al. (2010) suggested that the chromosomal microarray technique
should be used as the ﬁrst-tier genetic diagnostic test, instead of G-
banded karyotyping, for individuals with unexplained developmental/
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vier OA license. malformation anomalies. Here, we report on a patient with develop-
mental delay, dysmorphic features and multiple congenital anomalies,
in which G-band chromosome analysis showed a normal 46, XX karyo-
type. Considering the patient's abnormal phenotype, suggestive of chro-
mosome imbalance, the study was reﬁned by using array and MLPA
techniques, and a large 9p deletion associated to a 20p duplication
were disclosed. FISH analysis only was able to detect the presence of a
masked balanced translocation t(9;20)(p22.2;p12.1) in the patient's
mother.2. Clinical report
The proband, a female, was born at 41 weeks of gestation as the ﬁrst
child of a 20-year-old mother and a 26-year-old non-consanguineous
father. Birth weight was 2865 g (3rd–5th centile), birth length and
OFC were not reported. The ﬁrst genetic evaluation was made at the
age of six months, and the ﬁndings were: weight=4370 g (b3rd
centile); length=62 cm (10th centile); OFC=37 cm (b3rd centile);
microcephaly, trigonocephaly, prominent metopic suture, bitemporal
narrowness, arched and sparse eyebrows, ocular hypertelorism,
upslanted palpebral ﬁssures, prominent eyes, short nose, long philtrum,
microstomia, three superior oral frenula, V-shaped cleft palate, small
Fig. 1. Patient at ages 6 months (A) and 21 months (B), showing trigonocephaly, prominent metopic suture, bitemporal narrowness, ﬂat occiput, arched and sparse eyebrows, stra-
bismus, ocular hypertelorism, upslanted palpebral ﬁssures, prominent eyes, midface hypoplasia, short nose, depressed nasal bridge, anteverted nares, long philtrum and microsto-
mia; (C) Helicoidal scan: the front view shows prominent metopic suture, bitemporal narrowness (red arrows), hypertelorism, upslanted palpebral ﬁssures and prominent eyes;
(D) MRI brain scan: a sagittal view shows an enlarged and empty sella turcica (yellow arrow) and thin corpus callosum (green arrow).
60 V.F.A. Meloni et al. / Gene 496 (2012) 59–62and posteriorly rotated ears, pre-auricular sinus at left, hypoplastic labia
majora and minora, and hypotonia (Figs. 1A and B). Cardiologic evalua-
tion at 2 years of age showed tricuspid valve insufﬁciency and right atri-
um enlargement. Skeleton X-ray showed metaphyseal enlargement
mainly of the arms, and dislocation of the distal phalanx of the left sec-
ond toe. A brain MRI conﬁrmed trigonocephaly, further showing early
closure of themetopic suture, abnormal grooving of the lateral cisterns,
compromising the encephalic and cerebellar parenchyma, and sequels
from bleeding in the left temporal operculum. A front-view helicoidal
scan revealed a prominent metopic suture consistent with trigonoce-
phaly, besides hypertelorism, upslanted palpebral ﬁssures and promi-
nent eyes (Figs. 1C and D and Supplementary Fig. S1). The patient
progressedwith severe developmental delay andmalnutrition, present-
ing several episodes of diarrhea, seizures, severe hypotonia, recurrent
pulmonary infection, and a gastrostomy had to be maintained for feed-
ing. At 3 years and 11 months of age she died of bronchopneumonia.
3. Cytogenetic and molecular studies
Metaphase chromosomes of the patient and her parents, analyzed at
a 550 band resolution, showed normal karyotypes. Genomic DNA of the
patient was isolated from peripheral blood, using a Gentra Puregene kit
(Qiagen Sciences Inc., Germantown, MD, USA). A Multiplex Ligation-
dependent Probe Ampliﬁcation (MLPA) assay was performed, using a
P070 Human telomere-5 probemix kit (MRC-Holland, Amsterdam,
The Netherlands). The results, analyzed with the GeneMarker software,
revealed the presence of one copy of 9p and three of the 20p subtelo-
mere probes (data not shown). A microarray assay was performed,Fig. 2. (A) Diagram and chromosome pairs 9 and 20 showing the 9p (green bar) and 20p
mother's balanced translocation (bottom); (B) and (C): FISH with 9p23 probe RP11-143N1
on the der(9) chromosome of the patient (B), and a balanced translocation in the mother (using the Cytogenetics Whole-Genome 2.7 M Array®, and analyzed
with the Chromosome Analysis Suite version 1.0.1 software (Affymetrix
Inc., Santa Clara, CA, USA), using the March 2006 Assembly (NCBI36/
hg18) of the UCSC Human Genome browser (http://genome.ucsc.edu/).
The result obtained was arr 9p24.3p22.2(116,890–17,629,981)×1,
20p13p12.1(8159–14,755,396)×3, revealing a 17.6 Mb deletion in the
short arm of chromosome 9 and a 14.8 Mb duplication of the short
arm of chromosome 20p (online Supplementary Fig. S2). Fluorescence
in situ hybridization (FISH) analysis was performed, as previously
reported (Kulikowski et al., 2008), using bacterial artiﬁcial chromosome
probes (BACs) for 9p and 20p. FISHwith an RP11-143N16 (9p23) probe
in metaphase cells of the patient showed only one signal on the normal
chromosome 9, while the RP11-137P16 (20p13) probe produced three
signals, two on both normal chromosomes 20 and one on the der(9)
chromosome (Fig. 2B). The cells of the patient's mother showed FISH
signals of the 9p23 probe on the normal chromosome 9 and on the
short arm of der(20) and signals of the 20p13 probe on the normal
chromosome 20 and on the short arm of der(9), revealing a balanced
translocation (Fig. 2C). Thus, the patient's revised karyotype is:
46;XX:ish der 9ð Þt 9;20ð Þ p22:2;p12:1ð Þmat RP11−143N16−;RP11−137P16þð Þ:arr
9p24:3p22:2 116;890−17; 629;981ð Þ  1;20p13p12:1 8;159−14;755;396ð Þ
3:mlpa 9psubtel P070ð Þ  1;20psubtel P070ð Þ  3:
FISH analysis further conﬁrmed that the karyotype of the patient's
father was normal.(red bar) regions involved in the patient's unbalanced translocation (top) and in the
6 (green) and 20p13 probe RP11-137P16 (red) showing a red instead of a green signal
C).
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FISH, MLPA and Microarray analysis using the Cytogenetics Whole-
Genome 2.7M Array® identiﬁed a partial monosomy 9p22.2-pter and
a partial trisomy 20p12.1-pter in the patient. She had clinical features
typical of a 9p deletion, including neuro-psycho-motor delay, hypoto-
nia, trigonocephaly, midface hypoplasia, upslanted palpebral ﬁssures,
ﬂat nasal bridge, long philtrum, and small and malformed ears, but
some of these features are also present in 20p duplication (Huret et
al., 1988; Sidwell et al., 2000). Deletion 9pter→p22 corresponds to
the 9p syndrome, which is a clinically well-deﬁned syndrome with
a distinct pattern of dysmorphic signs (Schinzel, 2001). Huret et al.
(1988) reported 11 new cases of 9p deletion and reviewed 69 previ-
ously published cases and observed that the main features were typ-
ical, so diagnosis should be suspected at birth. Of the 80 cases, 39 had
a “pure” 9p deletion and 41 were associated with another, unbal-
anced chromosome segment, as in our patient. Trisomy of the short
arm of chromosome 20 is a relatively rare chromosomal anomaly
and is often associated with a segmental aneuploidy of other chromo-
somes, which makes it difﬁcult to delineate a clinical phenotype
(Sidwell et al., 2000; Chaabouni et al., 2007). The dysmorphic features
of “pure” 20p duplication present a distinct clinical pattern that may
include: coarse hair, microcephaly, round and ﬂat face, upslanted pal-
pebral ﬁssures, strabismus, short nose, anteverted nares, malformed
ears, umbilical and inguinal hernias, cubitus valgus, clinodactyly,
clubfeet, vertebral malformations, congenital heart defects, renal mal-
formations, hypotonia and intellectual disability of variable degrees
(Schinzel, 2001; Chaabouni et al., 2007). Sidwell et al. (2000) de-
scribed a pure trisomy 20p in a male patient with dysmorphic fea-
tures, mild to moderate learning difﬁculties, osteopenia, and renal
abnormalities, and compared this patient with 32 patients from the
literature. Our patient had skeletal anomalies, such as metaphyseal
enlargement, dislocation of the distal phalanx of the second left toe,
but osteopenia was not observed, possibly because she died too
early to develop it, although Sidwell's patient already presented
osteopenia at 13 months of age. Concomitant partial monosomy 9p
and partial trisomy 20p have been rarely reported in literature
(Hauge et al., 2008; DECIPHER cases 1578 and 250016 https://
decipher.sanger.ac.uk; Freitas et al., 2011). Hauge et al. (2008)
reported 10 patients with distal deletions of chromosome 9p, two of
them with concomitant partial 20p duplication. Recently, Freitas et
al. (2011) reported a patient with a 6.36 Mb terminal deletion of 9p
and a 14.83 Mb terminal duplication of 20p, similar to our case, but
with a milder clinical phenotype. Both patients had similar duplicated
20p segment sizes, but in our patient the 9p deletion was larger, sug-
gesting that genes which were deleted in our case but not in the other
one may be responsible for a more severe clinical phenotype. Several
studies have attempted to delineate the critical region and to estab-
lish a karyotype–phenotype correlation in 9p deletion patients
(Christ et al., 1999; Kulikowski et al., 2006; Kawara et al., 2006; Faas
et al., 2007; Swinkels et al., 2008; Hauge et al, 2008; Freitas et al.,
2011). Swinkels et al. (2008) narrowed down the critical region for
a consensus phenotype of the 9p deletion syndrome to ~300 kb at
9p22.3 and studied a functional candidate gene for trigonocephaly,
the CER1 gene ﬂanking the deﬁned critical region. These authors sug-
gested that two hypothetical proteins, AK127963 and c9orf52, both
encoded by genes located within this region, could be responsible
for either isolated trigonocephaly or the full spectrum of the 9p dele-
tion syndrome. Sequencing analysis in patients with isolated trigono-
cephaly did not disclose any pathogenic mutations in the CER1gene
(Jehee et al., 2006). Hauge et al (2008) suggested that the deletions
of a genomic region distal to CER1 may have indirect effects on the
expression level of CER1 (Hauge et al., 2008), since one of their
patients with a terminal 4 Mb deletion presented trigonocephaly,
although this deleted region does not include gene CER1. Our patient
presented the consensus phenotype of the 9p deletion syndrome,which includes trigonocephaly, and the deleted segment of 9p com-
prised the critical region deﬁned by Swinkels et al. (2008) and also
the CER1 gene, differently from the patient reported by Freitas et al.
(2011), who has neither trigonocephaly nor the CER1 deletion. The
CER1 gene (OMIM 603777) encodes a cytokine of the cystine knot
superfamily and is expressed in the anterior neural induction and
somite formation during embryogenesis, in part through a BMP-
inhibitory mechanism. The ventral factor BMP4, when misexpressed
in embryos, interferes with head formation (Biben et al., 1998; Lah
et al., 1999). However, the role of CER1 in causing trigonocephaly is
not yet deﬁned. The deleted 9p segment of our patient also comprised
the FREM1 gene, which encodes an extracellular matrix component of
basement membranes. Homozygous FREM1 gene frameshift and mis-
sense mutations were associated with biﬁd nose, anorectal and renal
anomalies (BNAR [OMIM 608980]) (Alazami et al., 2009), and our pa-
tient presented three superior oral frenula and genital anomalies sim-
ilar to BNAR patients. Also localized in the critical subtelomeric region
of 9p (9p24) is the DOCK8 gene that has been associated to the
autosomal recessive Hyper-IgE Recurrent Infection Syndrome, since
DOCK8 mutations have been described in patients with recurrent in-
fections, atopic dermatitis, and food and environmental allergies
(Zhang et al., 2009). The loss of DOCK8 heterozygosity might be
responsible for the recurrent infections observed in 9p deletion syn-
drome patients like ours. This gene may also play an important role
in the intellectual disabilities found in 9p deletion patients, since
Griggs et al. (2008), who analyzed the gene expression in fetal and
adult human brains, identiﬁed DOCK8 disruptions in two unrelated
patients with intellectual and developmental disabilities. The deleted
region of 9p also includes the DMRT1, 2 and 3 genes which are associ-
ated to gonadal dysgenesis, sex reversal and testicular differentiation
in males. In rare and complex chromosome rearrangements, as the
one of our patient, a genotype–phenotype correlation has proven
difﬁcult to establish, and usually the deleted segment seems to be
responsible for the prominent phenotype. However, the partial dupli-
cated segmentmay also contribute to the phenotype by overexpression
or disruption of the genes involved, even though the determination of a
genotype–phenotype correlation is complicated due to the presence of
the partial deleted segment (Freitas et al., 2011). The 14.8 Mb duplicat-
ed segment of 20p identiﬁed in our patient includes some relevant
genes such as AVP (Arginine Vasopressin; OMIM 192340), ADAM33 (A
Disintegrin and Metalloproteinase Domain 33; OMIM 607114), RASSF2
(RAS Association Domain Family Protein 2; OMIM 609492), BMP2
(Bone Morphogenetic Protein; OMIM 112261) and JAG1 (Jagged 1;
OMIM 601920).
In conclusion, the unbalanced 9p and 20p chromosomal segments
found in our patient presented similar size and banding pattern, which
made them indistinguishable by G-banding at the 550-band resolu-
tion. MLPA and array techniques were crucial for detecting the pres-
ence of an unbalanced translocation in the patient and identifying
the precise breakpoints on both chromosomes. The masked balanced
translocation presented by the patient's mother could only be identi-
ﬁed by using FISH with probes for the distal regions of 9p and 20p.
Finally, the use of array techniques has proven particularly valuable
in patients with unexplained intellectual disabilities, dysmorphic fea-
tures and multiple congenital anomalies whose G-banding karyotype
results are normal. These techniques can help in making a correct
diagnosis, establishing an accurate genotype–phenotype correlation,
providing a better patient management and also an appropriate
genetic counseling to their families.
Supplementary materials related to this article can be found
online at doi:10.1016/j.gene.2012.01.007.
Acknowledgment
Financial support provided by FAPESP grant number 10/50737-1
(Brazil).
62 V.F.A. Meloni et al. / Gene 496 (2012) 59–62References
Alazami, A.M., et al., 2009. FREM1 mutations cause biﬁd nose, renal agenesis, and anor-
ectal malformations syndrome. Am. J. Hum. Genet. 85, 414–418.
Biben, C., et al., 1998. Murine cerberus homologue mCer-1: a candidate anterior pat-
terning molecule. Dev. Biol. 194, 135–151.
Chaabouni, M., et al., 2007. De novo trisomy 20p of paternal origin. Am. J. Med. Genet. A
143A, 1100–1103.
Christ, L.A., Crowe, C.A., Micale, M.A., Conroy, J.M., Schwartz, S., 1999. Chromosome
breakage hotspots and delineation of the critical region for the 9p-deletion syn-
drome. Am. J. Hum. Genet. 65, 1387–1395.
Faas, B.H., de Leeuw, N., Mieloo, H., Bruinenberg, J., de Vries, B.B., 2007. Further reﬁne-
ment of the candidate region for monosomy 9p syndrome. Am. J. Med. Genet. A
143A, 2353–2356.
Freitas, E.L., et al., 2011. Maternally inherited partial monosomy 9p (pter --> p24.1)
and partial trisomy 20p (pter --> p12.1) characterized by microarray comparative
genomic hybridization. Am. J. Med. Genet. A 155A, 2754–2761.
Griggs, B.L., Ladd, S., Saul, R.A., DuPont, B.R., Srivastava, A.K., 2008. Dedicator of cytoki-
nesis 8 is disrupted in two patients with mental retardation and developmental
disabilities. Genomics 91 (2), 195–202.
Hauge, X., et al., 2008. Detailed characterization of, and clinical correlations in, 10
patients with distal deletions of chromosome 9p. Genet. Med. 10, 599–611.
Huret, J.L., Leonard, C., Forestier, B., Rethore, M.O., Lejeune, J., 1988. Eleven new cases of
del(9p) and features from 80 cases. J. Med. Genet. 25, 741–749.
Jehee, F.S., et al., 2006. Mutational screening of FGFR1, CER1, and CDON in a large
cohort of trigonocephalic patients. Cleft Palate Craniofac. J. 43, 148–151.Kawara, H., et al., 2006. Narrowing candidate region for monosomy 9p syndrome to a
4.7-Mb segment at 9p22.2–p23. Am. J. Med. Genet. A 140, 373–377.
Kulikowski, L.D., Christ, L.A., Nogueira, S.I., Brunoni, D., Schwartz, S., Melaragno,
M.I., 2006. Breakpoint mapping in a case of mosaicism with partial monosomy
9p23 --> pter and partial trisomy 1q41 --> qter suggests neo-telomere
formation in stabilizing the deleted chromosome. Am. J. Med. Genet. A 140,
82–87.
Kulikowski, L.D., et al., 2008. Pure duplication 1q41-qter: further delineation of trisomy
1q syndromes. Am. J. Med. Genet. A 146A, 2663–2667.
Lah, M., Brodnicki, T., Maccarone, P., Nash, A., Stanley, E., Harvey, R.P., 1999.
Human cerberus related gene CER1 maps to chromosome 9. Genomics 55,
364–366.
Mencarelli, M.A., et al., 2008. Private inherited microdeletion/microduplications: impli-
cations in clinical practice. Eur. J. Med. Genet. 51, 409–416.
Miller, D.T., et al., 2010. Consensus statement: chromosomal microarray is a ﬁrst-tier
clinical diagnostic test for individuals with developmental disabilities or congenital
anomalies. Am. J. Hum. Genet. 86, 749–764.
Schinzel, A., 2001. Catalogue of unbalanced Chromosome aberrations in man, second
ed. Walter de Gruyter, New York.
Sidwell, R.U., et al., 2000. Pure trisomy 20p resulting from isochromosome formation
and whole arm translocation. J. Med. Genet. 37, 454–458.
Swinkels, M.E., et al., 2008. Clinical and cytogenetic characterization of 13 Dutch
patients with deletion 9p syndrome: delineation of the critical region for a consen-
sus phenotype. Am. J. Med. Genet. A 146A, 1430–1438.
Zhang, Q., et al., 2009. Combined immunodeﬁciency associated with DOCK8 mutations.
N. Engl. J. Med. 361, 2046–2055.
